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CONTINUATION  OF  NOVEL  ANALYTICAL  AND  EMPIRICAL 
APPROACHES  TO  THE  ORIGIN  AND  PREDICTION  OF  PATHOGENICITY 

ARO  Grant  #W91  lNF-10-1-0339 
Final  Report 
January  31,  2014 

We  are  pleased  to  submit  the  following  final  report  for  the  project,  Continuation  of  Novel 
Analytical  and  Empirical  Approaches  to  the  Origin  and  Prediction  of  Pathogenicity 
(#W91  INF- 10- 1-0339),  which  began  at  the  American  Museum  of  Natural  History 
(AMNH)  on  September  1,  2010  and  ended  October  31,  2013. 

OVERVIEW 

This  project  has  sought  to  better  understand  and  predict  outbreaks  of  infectious  disease 
over  time  and  space.  It  has  endeavored  to  extend  phylogenetic  methods  to  understand  the 
mutation  and  recombination  events  among  pathogen  genomes  associated  with  the 
emergence  of  infectious  diseases,  and  to  layer  this  information  with  phenotypic  and 
geographic  data,  enhanced  with  avian  tissue  collections.  In  this  final  phase  of  this  project, 
we  continued  to  focus  on  the  use  of  large  datasets  of  genetic  sequences  for  hosts  and 
pathogens,  while  working  on  phylogenetic  visualization  and  also  collecting  avian 
specimens  pertinent  to  the  realm  of  biogeographical  and  host-pathogen  research.  We 
extended  our  research  by  generalizing  our  approach  to  phylogenetic  networks,  and  helped 
to  address  DOD’s  and  the  nation’s  STEM  future  workforce  needs  by  creating  project- 
related  science  education  programs  and  resources  for  7*- 12*  grade  science  teachers  and 
students. 

We  are  pleased  to  report  that  the  proposed  project  deliverables  were  successfully  met. 
Major  accomplishments  in  critical  task  areas  are  summarized  below,  followed  by  detailed 
discussion  of  activities  and  achievements  in  each  area. 

SUMMARY  OF  CRITICAL  TASKS  AND  IMPORTANT  RESULTS 

•  Theoretical  and  Algorithmic  Research  and  Software  Development 

We  created  a  new  model  for  phylogenetic  analysis  of  genomic  data  from  host- 
pathogen  complexes.  We  completed  implementation  of  statistical  phylogenetic 
models,  as  well  as  theoretical  work  on  phylogenetic  networks  while  designing 
new  algorithms  and  implemented  them  into  a  new  release  of  phylogenetic 
software,  POY5.1.1.  Through  the  development  of  flexible,  open,  and  robust 
theories  and  tools,  the  project  has  expanded  the  ability  of  scientists  to  test 
hypotheses  of  viral  (and  other  organismal)  evolution. 

•  Field  and  Collections-based  Research  on  the  Evolution  of  Avian  Hosts 

We  significantly  enhanced  the  sampling  of  species  capable  of  dispersing  avian 
influenza,  collected  avian  tissues  from  targeted  regions  around  the  world,  and 
deposited  the  samples  into  AMNH’s  Ambrose  Monell  Cryo  Collection  (the 
Monell  Collection),  making  the  genetic  materials  widely  available  to  researchers. 
We  also  generated  large-scale  phylogenetic  and  migratory  maps  for  thousands  of 
avian  species,  providing  an  important  template  for  studying  host-pathogen  co¬ 
evolution. 
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•  Development  of  Visualization  Techniques 

We  developed  a  means  to  integrate  project  data  into  user-friendly  geographic 
information  system  (GIS)  tools  and  communicated  our  research  to  a  wide  audience 
of  public  health  stakeholders,  with  published  peer-reviewed  papers  including 
many  in  infectious  disease/  We  extended  our  web-based  application, 
SUPRAMAP  (which  uses  POY  to  produce  files  that  Google  Earth  reads),  to  allow 
for  tracking  of  host-pathogen  complexes  across  time  and  space,  and  made 
improvements  to  the  graphical  interface  for  visualization  of  character  evolution. 
By  developing  code  that  combines  virtual  globe  and  bioinformatics  technologies 
to  perform  hypothesis  driven  research  on  pathogens,  we  have  demonstrated  that 
these  technologies  can  be  combined  in  a  meaningful  way  to  address  significant 
infectious  disease  problems. 

•  Outreach 

We  have  carried  out  active  and  diversified  outreach  to  public  health  and  other 
user  communities  in  government  and  academia  and  to  the  public  at  home  and 
abroad.  The  easy-to-use  web-based  applications  that  we  developed  served  to 
increase  widespread  usage  of  our  tools  and  resources  in  the  different  stakeholder 
communities. 

•  Development  of  STEM  Education  Activities 

Collaborating  teams  of  AMNH  project  scientists  and  science  educators 
successfully  adapted  and  integrated  project-related  content  and  research  into 
STEM  education  programs  and  nationally  distributed  science  media,  helping  to 
strengthen  the  STEM  pipeline.  We  delivered: 

o  Professional  development  programs  with  multimedia  resources  for  grades 
7-12  science  teachers;  a  teaching  case  used  in  professional  development 
and  available  online;  and  an  eight-minute  documentary  video  for  the 
Museum’s  nationally  distributed  science  media  program  on  the  evolution 
of  pathogenicity  in  Staphylococcus  aureus  (MRSA). 
o  Out-of-school  college  readiness  programming  and  mentoring  for  high 
school  students,  incorporating  the  research  and  work  of  project  scientists. 

Theoretical  and  Algorithmic  Research  and  Software  Development 

Seeking  to  advance  understanding  and  tools  for  examining  the  evolution  of  infectious 
diseases,  our  goal  in  this  project  component  was  to  generalize  the  theory  and  tools  to  use 
host-pathogen  complexes  as  data  points  that  undergo  the  addition,  loss,  or  transfer  of 
genetic  material.  We  have  added  to  the  existing  POY  code  base  the  ability  to  analyze 
host-pathogen  complex  scenarios  more  completely  and  realistic  hypotheses  for  infection, 
co-infection,  and  host  shifts,  and  have  completed  the  analysis  of  these  networks. 

We  have  been  able  to  add  this  functionality  to  our  code  base  through  new  algorithmic 
advances  (Kannan  and  Wheeler,  2013,  in  press;  Wheeler,  in  press;  Varon  and  Wheeler, 


*  For  example,  infeetious  diseases  and  mathematies  (Vinh  et  al.,  2007;  Janies  and  Pol,  2008),  H7  influenza 
(Bulaeh  et  al.,  2010;  Janies  et  al.,  2012);  H5  influenza  (Janies  et  al.,  2007;  2011;  Hill  et  at,  2009; 
Hovmdller,  2010;  Bokhari  and  Janies,  2010;  Newman  et  al.,  2012);  HI  influenza  (Janies  et  al.,  2010a,b; 
Bokhari  et  al.,  2012;  Zhang  et  al.,  2013);  HIV  (Kumar  et  al.,  2011;  Mates  et  al.,  2013);  SARS-CoV  and 
other  Coronavimses  (Zhang  et  al.,  2007a,b;  Janies  et  al;  2008). 
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2012,  2013)  and  implementation  (POY,  version  5.1.1  released;  Wheeler  et  ah,  in  prep). 
All  of  these  advanees  are  now  available  to  researehers.  We  have  also  modularized  our 
code  (PhylOcaml,  https://github.com/amnh/phylocaml)  such  that  other  investigators  can 
more  easily  import  and  use  the  codes  we  have  developed. 

Over  the  course  of  this  project,  there  have  been  four  main  areas  of  algorithmic  and 
implementation  progress.  These  are  in  statistical  (maximum  likelihood)  procedures  for 
phylogenetic  analysis  of  unaligned  sequences,  Bayesian  phylogenetic  approaches, 
network  graph  optimization,  and  host-pathogen  interaction  phylogenetics. 

Our  first  task  was  to  create  statistical  likelihood-based  phylogenetic  optimization 
procedures  that  could  be  applied  to  unaligned  sequence  data.  This  required  the 
application  of  alternate  forms  of  maximum-likelihood  (“most-parsimonious  likelihood”) 
due  to  the  complexity  of  the  tree-alignment  problem  in  a  model-based  context.  We  first 
completed  a  beta  implementation  of  our  statistical  phylogenetic  methods  and  released  our 
software  implementation  (POY5.0-beta)  to  the  scientific  community.  After  much  testing 
and  refinement,  we  released  POY5.0  in  August  2013.  This  release  included  our  new 
facilities  for  identifying  multiple  models  for  different  sequence  data  partitions. 

Subsequent  to  the  likelihood  work,  we  created  a  Bayesian  analysis  procedure  based  on 
maximum  posterior  probability  sequence  assignments  (MAP -A;  Wheeler,  2013). 
Completed  implementation  of  Bayesian  statistical  framework  followed  the  theoretical 
work  and  this  approach  has  been  extended  to  networks  (Wheeler,  2013).  Due  to  the 
additional  time  complexity  burden  of  these  statistical  methods,  we  have  completed  the 
implementation  of  a  second  means  of  parallelization  at  the  level  of  refinement 
neighborhood. 

With  statistical  models  in  hand,  we  developed  polynomial-time  algorithms  to  identify 
optimal  solutions  for  sequence  changes  on  networks.  These  allow  not  only  vertical 
transmission  of  information  but  also  hybridization,  horizontal  exchange,  and  reassortment 
of  lineages.  Our  initial  implementation  compared  a  brute-force  solution  of  all  possible 
sequence  assignments  to  a  polynomial-time  dynamic  programming-based  approach.  We 
have  seen  a  large  improvement  in  execution  time  with  no  loss  of  optimality.  Our  initial 
network  code  approach  (Kannan  and  Wheeler,  2012;  Kannan  and  Wheeler,  in  press)  and 
model  have  also  been  applied  to  human  language  evolution  (Wheeler,  2013b;  Wheeler 
and  Whiteley,  submitted). 

We  have  completed  as  well  the  initial  algorithmic  and  prototype  work  on  our  second 
iteration  of  network  optimization  code  and  are  testing  this  approach.  A  manuscript 
describing  this  work  is  in  press. 

In  sum,  with  DARPA  support  we  created  a  new  model  for  phylogenetic  analysis  of 
genomic  data  from  host-pathogen  complexes.  These  complexes  may  be  pathogens  and 
hosts  alone,  or  in  combination  as  infected  hosts.  We  have  developed  a  theoretical 
framework  to  evaluate  complex  tree  histories  involving  co-evolution  and  host  shifts. 
Algorithms  have  been  designed  and  implemented  into  our  existing  base  of  code  (POY4; 
Varon  et  ah,  2010;  POY5).  Based  on  this  work,  we  applied  prototype  network  codes  to 
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biogeographic  and  microbial  data  and  integrated  them  into  POY  code  base  and  released 
POY5.1  with  new  parallel  codes  in  December  2013.  Source,  binaries,  and  documentation 
are  available  at  http://www.amnh.org/our-research/computational- 
sciences/research/projects/systematic-biology/poy. 

We  have  met  our  goals  for  integrating  of  statistical  models  to  unaligned  sequence-based 
trees  and  networks  and  applying  them  to  human  pathogens.  The  algorithmic  and 
implementation  work  we  have  carried  out  enables  us  and  others  to  study  the  origin  of 
evolutionary  novelties  in  pathogenic  and  non-pathogenic  lineages  (e.g.,  viral  strains) 
using  the  broad  variety  of  mathematical  approaches  that  exist  in  phylogenetic  research 
today. 

Field  and  Collections-based  Research  on  the  Evolution  of  Avian  Hosts 

Providing  an  important  collections-based  link  to  the  other  project  elements,  this  part  of 
the  project  focused  on  advancing  understanding  of  the  spread  of  diseases  via  birds  and 
their  migratory  behavior.  We  enhanced  sampling  of  species  capable  of  dispersing  avian 
influenza  into  new  communities  and  ecosystems;  preserved  the  samples  in  the  AMNH’s 
Monell  Collection,  which  serves  as  an  important  and  unique  resource  for  researchers 
working  to  understand  the  evolution  and  biogeography  of  avian  hosts  of  influenza,  and 
generated  critical  baseline  data  on  the  spread  of  diseases  via  birds.  Using  databases  of 
genomic  and  migratory  data,  we  generated  large-scale  phylogenetic  and  migratory  maps 
for  thousands  of  avian  species,  providing  an  important  template  for  the  study  of  host- 
pathogen  co-evolution. 

To  enhance  sampling  of  avian  species  capable  of  dispersing  avian  influenza,  we 
conducted  very  successful  collecting  trips  for  tissue  samples  from  biologically  distinct 
regions  that  have  taxa  that  are  underrepresented  in  avian  tissue  collections  and  obtained 
additional  samples  through  several  salvage  operations. 

In  201 1,  we  carried  out  a  three-week  field  trip  to  Western  Australia,  a  wintering  area  for 
many  East  Palaearctic  breeders,  having  obtained  a  collecting  permit  from  the  Western 
Australian  Department  of  Environment  and  Conservation  (WADEC)  for  up  to  five 
specimens  per  species  of  a  wide  variety  of  birds.  We  worked  in  forest,  woodland,  shrub, 
and  heath  habitats,  and  traveled  to  three  remote  collecting  sites  within  the  region  in  order 
to  maximize  taxonomic  coverage.  Birds  were  sampled  in  two  ways:  field  collecting  by 
mist-nets  and  from  frozen  salvaged  specimens  gathered  from  museums,  the  WADEC, 
and  rehabilitation  centers.  We  saved  anatomical  and  tissue  samples  from  all  specimens. 

On  this  trip,  182  birds  of  80  species  were  sampled,  including  many  endemics.  Of  these, 
55  species  were  new  additions  to  AMNH’s  Monell  Collection.  In  addition,  we  preserved 
important,  data-rich,  anatomical  voucher  specimens  which  were  lacking  in  the  AMNH 
collections. 

In  2002,  we  had  another  successful  field  period  of  a  four-week  duration.  The  primary 
field  work  was  carried  out  in  the  northern  part  of  the  Kimberley  Region  of  Western 
Australia.  This  area  is  recognized  as  a  globally  important  biodiversity  hotspot,  and  the 
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bird  fauna  contains  many  endemic  taxa.  The  region  is  also  the  wintering  grounds  for 
many  speeies  of  bird  that  breed  in  northeast  Asia.  General  eolleeting  permits  were 
obtained  by  our  eollaborators  at  the  Western  Australian  Museum  in  Perth. 

Over  two  weeks  in  May,  we  travelled  aeross  the  Kimberley  via  the  Gibb  River  Road 
between  Broome  and  Kununurra,  an  unpaved  road  only  aeeessible  during  the  dry  season. 
Three  eolleeting  eamps  were  established  along  this  road.  In  total,  we  eolleeted  280 
speeimens  of  60  speeies  in  this  region. 

After  eompleting  the  work  in  the  north,  we  spent  five  days  eolleeting  in  heathland  habitat 
on  the  south  eoast  in  the  Fitzgerald  River  National  Park.  For  this  phase  of  the  expedition, 
we  obtained  permits  from  WADEC  for  up  to  five  specimens  per  speeies  of  a  wide  variety 
of  birds.  These  speeimens  supplemented  our  eolleetions  from  the  southwest  that  were 
eolleeted  on  a  previous  expedition  in  November  2010.  Beeause  this  area  is  temperate,  the 
eomposition  of  the  bird  fauna  varies  between  winter  and  summer.  We  eolleeted  a  total  of 
75  specimens  of  26  speeies  in  this  area. 

In  addition  to  field  work,  we  were  able  to  obtain  salvaged  birds  from  the  Western 
Australian  Museum,  the  Broome  Bird  Observatory,  and  the  Kununurra  Department  of 
Environment  and  Conservation.  This  added  an  additional  60  samples  of  44  speeies. 

During  the  four-week  field  period,  a  total  of  415  birds  of  1 13  speeies  were  sampled  for 
tissue  samples  and  anatomieal  speeimens.  Ineluded  in  this  sample  were  many  of  the 
regional  endemies.  Of  the  samples  eolleeted,  49  speeies  were  new  additions  to  the  Monell 
Colleetion.  In  addition,  we  preserved  many  important,  data-rieh,  anatomieal  voucher 
speeimens  whieh  were  laeking  in  the  AMNH  eolleetions. 

The  tissues  obtained  during  this  fieldwork  significantly  enhanced  our  sampling  of  speeies 
eapable  of  dispersing  avian  influenza,  with  the  genetie  material  now  widely  available  to 
researehers  through  the  Monell  Colleetion.  Importantly,  DNA  sequenees  obtained  from 
these  tissues  were  ineorporated  into  genomie  databases  and,  by  eombining  these  datasets 
with  phenotypic  and  migratory  data,  we  generated  large-seale  phylogenetic  and  migratory 
maps  for  thousands  of  avian  species  that  provided  a  template  for  studying  host-pathogen 
eo-evolution. 

Development  of  Visualization  Techniques 

In  this  project  component,  we  used  several  means  of  visualization  and  service 
implementations.  Our  goals  were  to  join  infrastrueture,  eommunieation,  and  hypothesis 
testing  into  a  eommon  workflow.  This  approaeh  allowed  many  professionals  with  diverse 
skill  sets  to  work  together  in  a  team  seience  approaeh.  Our  work  represents  the  first 
instanee  of  applying  phylogenetie  character  evolution  techniques  in  a  GIS.  A  use  case  in 
infeetious  diseases  allowed  seientists  to  not  only  put  strains  in  a  GIS  but  also  the 
properties  of  strains  as  eneoded  by  key  mutations  (e.g.,  E627K  in  PB2  in  H5N1  or  H7N9, 
whieh  confers  inereased  replieation  in  mammals)  (Janies  et  ah,  2007;  Pomeroy  et  ah, 
submitted). 
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Users  of  our  tools  are  able  to  build  phylogenetic  maps  of  lineages  of  avian  influenza, 
which  provides  a  template  for  mapping  and  investigating  host-pathogen  coevolution  (e.g., 
Newman  et  ah,  2012)  and  the  molecular  evolution  of  pathogenicity  across  geography 
(Janies  et  ah,  2012).  In  our  work  on  H7  influenza  we  found  that  the  emergence  of 
pathogenic  strains  of  H7  is  highly  labile.  Many  transitions  from  high  pathogenicity  to  low 
pathogenicity  and  from  low  pathogenicity  to  high  pathogenicity  occur.  In  2012,  we 
identified  several  lineages  of  H7  influenza  with  biomarkers  of  high  pathogenicity 
circulating  regions  that  had  not  been  reported  in  the  scientific  literature. 

We  have  used  SUPRAMAP  (http://supramap.org),  a  web-based  application  for  studying 
biogeographic,  genotypic,  and  phenotypic  evolution,  to  study  drug  resistance  and  host 
shifts  in  influenza  and  host  shifts  in  coronaviruses  across  time  and  space.  The  original 
implementation  of  SUPRAMAP  was  built  with  tightly  coupled  client  and  server  software 
(Janies  et  ah,  2010).  We  decoupled  the  components  to  provide  a  modular  processing 
service  (POYWS;  poyws.org.  Figure  1)  that  can  be  consumed  by  a  data  provider  or 
application  developer  to  build  a  novel  tool  (Janies  et  ah,  2012). 

To  illustrate  the  service  we  also  produced  a  novel  application,  GEOGENES  (formerly 
GISBANK,  which  we  renamed  in  2012  due  to  the  overlap  of  GISBANK  with  other 
projects).  Unlike  SUPRAMAP,  in  which  the  user  is  required  to  create  and  upload  data 
files,  in  GEOGENES  the  user  works  from  a  graphical  interface  to  query  an  underlying 
dataset.  The  processing  service  can  be  coupled  with  diverse  data  sources  supporting  a 
variety  of  applications  across  the  natural  and  biomedical  sciences. 
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Figure  1,  Diagram  of  the  interactions  of  the  user,  applications  (e,g,,  SUPRAMAP, 
GEOGENES),  internal  (e,g,,  fresh  outbreak  data)  and  external  data  sources  (e,g,, 
GEONAMES,  GENBANK),  and  computing  resources  (POYWS  and  OSC). 

GEOGENES  is  hosted  on  a  shared,  scheduled  system,  the  Glenn  cluster  at  the  Ohio 
Supercomputer  Center  (OSC;  https://geogenes.osc.edu/menu/index).  It  is  a  simple  and 
flexible  web  service  for  creating  applications  for  phylogenetic  analyses  and  visualization 
that  is  useful  across  a  broad  variety  of  scientific  investigations.  It  increases  the  usability 
of  our  software  by  providing  an  entirely  graphically  driven  query  interface  to  the 
underlying  data  and  processing  services.  The  graphical  interface  we  have  created  allows  a 
user  to  select  data  from  a  variety  of  sources  (e.g.,  various  genes,  taxa,  hosts,  times, 
geographic  regions)  via  a  query  and  frees  the  users  from  editing  input  fdes,  a  process 
which  is  error-prone.  After  a  query  is  processed,  GEOGENES  allows  the  user  to  submit 
the  data  for  execution  in  the  processing  service.  Within  an  individual  user  account,  the 
queries  and  results  can  be  stored  for  later  processing,  for  example,  with  updated  data. 
Queries  and  results  can  be  shared  with  other  users  such  that  the  workflow  underlying  the 
science  is  repeatable. 

Many  of  the  aspects  of  comparative  genomic  research,  such  as  multiple  sequence 
alignment  and  tree  search,  require  large  numbers  of  processors  only  available  in  high 
performance  computers  (HPC;  e.g.,  a  scheduled  supercomputer,  dedicated  cluster, 
multicore  server,  grid,  or  cloud).  Often,  the  set-up  required  of  the  user  for  high 
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performance  systems  presents  a  significant  hurdle.  In  order  to  remove  the  burdens  of 
acquisition  and  maintenance  of  hardware,  installation  of  languages  and  middleware, 
compilation  of  applications,  configuration  of  accounts,  production  of  scripts,  navigation 
of  schedulers,  and  work  with  a  command  line  interface,  we  have  developed  a  processing 
service  that  executes  these  analyses  on  many  central  processing  units  via  the  click  of  a 
button  on  a  webpage. 

The  first  version  of  SUPRAMAP  ran  on  a  small  computing  cluster,  and  its  client  and 
server  were  tightly  coupled  (Janies  et  ah,  2010a).  The  generic  and  modular  web  service 
that  we  have  now  created  runs  POY  (Varon  et  ah,  2010)  with  SUPRAMAP  as  a  plug-in 
under  a  scheduler  on  a  large  cluster.  In  addition  to  GEOGENES,  SUPRAMAP  currently 
consumes  the  processing  service. 

The  SUPRAMAP  web-based  application  was  installed  with  a  new  host  Renaissance 
Computing  Institute,  RENCI,  Chapel  Hill,  NC  in  2013.  In  the  current  version  of 
SUPRAMAP,  we  have  implemented  the  ability  for  users  to  trace  phenotypic  characters. 
Previously  this  function  was  only  available  via  scripts.  We  improved  the  interface  for 
visualization  of  character  evolution.  Now  users  do  not  have  to  use  scripts  to  color  trees  to 
trace  key  mutations  or  phenotypes  (Eigure  2).  These  functionalities  are  provided  in  the 
graphical  user  interface  as  another  optional  step  in  the  workflow  (“color  KME”). 


color  kml  (tutorial) 

job:  1042thurs 

#  Color  branches  based  on  a  categorical  data  file 

#  Color  branches  based  on  an  aligned  column  (starting  at  1) 

Color  KML  Cancel 


Figure  2,  New  graphical  interface  for  coloring  KML, 


In  the  area  of  testing  hypotheses  on  identifying  exchanges  of  pathogens  and  pathogen 
genes  among  hosts  in  time  and  space,  we  have  devoted  our  time  to  the  recent  outbreak  of 
H7N9  in  China.  We  have  created  SUPRAMAPs  and  ROUTEMAPs  describing  the  host 
and  geographic  origins  and  movement  of  each  segment.  Here  is  a  summary  of  our  results: 


•  The  China-Taiwan  H7N9  outbreak  in  early  2013  was  caused  by  a  reassortant 
virus  made  primarily  of  genetic  segments  previously  circulating  in  chickens  in 
China.  However,  some  genetic  segments  have  anseriform  host  ancestry  and  some 
segments  have  international  connections  to  and  from  China-Taiwan  to 
neighboring  countries. 

•  Eor  H7N9-2013,  we  have  evidence  for  multiple  independent  post-outbreak 
transmissions  to  anseriformes,  columbiformes,  and  passeriformes.  These  results 
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indicate  that,  despite  the  abatement  of  the  reeent  outbreak,  the  H7N9  virus  may 
spread  beyond  China-Taiwan  as  has  been  seen  in  H5N1. 

This  work  by  Pomeroy  et  al.  has  been  submitted  to  Transboundary  and  Emerging 
Diseases  for  review. 

Outreach 

Outreaeh  has  been  an  important  and  sueeessful  projeet  eomponent.  Our  outreaeh  efforts 
during  this  final  phase  foeused  on  teaehing  and  gathering  feedbaek  about  our  developed 
tools,  SUPRAMAP  and  POY  software,  and  sharing  projeet  information.  In  the  first 
projeet  year,  we  foeused  outreaeh  on  the  opportunity  to  reaeh  a  wide  range  of  eross- 
diseiplinary  seientists  by  eo-eonvening  the  eonferenee.  Next  Generation  Sequeneing: 
Transformative  Teehnology  for  Biodiversity  Seienee,  held  in  Washington,  DC  on  April 
18-19,  2011.  AMNH  eo-eonvened  this  eonferenee  with  the  FDA,  the  Smithsonian 
Institution’s  National  Museum  of  Natural  History,  and  the  George  Washington 
University.  The  meeting  brought  together  a  broad  and  eross-diseiplinary  group  of 
algorithmie  and  bioinformaties  researehers  from  aeademia,  researeh  institutions,  and 
government  eoneerned  with  biodefense,  food  safety,  and  related  seeurity  issues.  DOD, 
Department  of  Energy,  FDA,  USD  A,  and  USFWS  were  among  the  federal  ageneies 
represented.  Prineipal  Investigator  Dr.  Ward  Wheeler  presented  on  whole  genome 
phylogeneties  with  POY,  and  UNC  Charlotte  Projeet  Direetor  Dr.  Daniel  Janies 
presented  on  SUPRAMAP. 

Throughout  the  projeet,  we  have  aetively  disseminated  projeet  information  and  results  in 
a  variety  of  venues  and  media.  In  addition  to  software  updates,  we  produeed  a  number  of 
peer-reviewed  publieations,  email  and  user  group  support  online,  visits,  teleonferenees, 
and  demonstrations  with  groups  ineluding  the  Global  Initiative  on  Sharing  Avian 
Influenza  Data  (GISAID),  National  Institute  of  Allergy  and  Infeetious  Diseases  (NIAID), 
and  the  Influenza  Researeh  Database  (FFUDB.org). 

Publie  outreaeh  has  also  been  aehieved  via  the  Internet  (e.g.: 

http://www.amnh.org/explore/news-blogs/researeh-posts/researehers-broaden-reaeh-of- 

virus-traeking-software; 

http://www.eurekalert.org/pub_releases/2012-05/oso-rtv052212.php; 

http://www.soienoenewsline.oom/teohnology/2012052306400034.html; 

http://www.hpowire.oom/hpowire/2012-05- 

23/bioinformatios_researoher_sofiware_engineers_look_to_improve_genomios_software. 

html; 

http://geospatialworld.net/News/View. aspx?id=24842_Artiole; 

http  ://apb .  direotionsmag.  oom/  entry/ dr  .-oz-hkes-gis-and-other-health-gis-news/25  3  95  5 ; 

http://www.oidrap.umn.edu/oidrap/oontent/influenza/general/news/may2312newssoan.ht 

ml). 

In  addition  AMNH  held  a  publie  program  (SoiCafe)  for  general  audienoes  featuring  Dr. 
Janies  on  February  2,  2012,  and  the  researeh  was  featured  in  a  radio  interview 
(http://wosu.org/2012/news/2012/05/24/osu-researoher-touts-new-epidemio-traoking- 
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software/).  We  are  very  pleased  that  SUPRAMAP  images  appear  in  the  National 
Museum  of  Natural  History’s  eurrent  exhibition  Genome:  Unlocking  Life’ s  Code 
(http  ://www.mnh.  si.  edu/  exhibits/genome/) . 

Development  of  STEM  Education  Activities 

A  STEM  education  component  was  carried  out  in  the  project’s  last  period.  It  included  the 
creation  of  project-related  programs  and  resources  for  science  teachers  and  students  in 
grades  7-12,  as  we  adapted  content,  themes,  and  questions  driving  the  project  research 
into  materials  suited  for  two  education  areas:  (1)  Teacher  Professional  Development  and 
(2)  Out-of-School  College  Readiness  Programming  for  High  School  Students. 

•  Teacher  Professional  Development 

Three  two-day  professional  development  workshops  planned  for  secondary  science 
teachers  (aimed  at  New  York  City  high  school  Living  Environment  teachers)  were 
offered  on  July  16  to  17,  2013,  July  30  and  August  2,  2013,  and  August  15  to  16,  2013 
with  31,  35,  and  30  teachers  attending,  respectively.  An  additional  workshop,  funded  by 
other  AMNH  sources,  will  be  offered  in  Eebruary  2014;  as  of  the  date  of  this  report,  20 
teachers  had  already  enrolled. 

We  identified  the  following  high  school  learning  outcome  from  the  Next  Generation 
Science  Standards  around  which  to  focus  our  efforts:  obtain,  evaluate,  and  communicate 
information  describing  how  changes  in  environmental  conditions  can  affect  the 
distribution  of  traits  in  a  population  causing  1)  increases  in  the  population  of  some 
species,  2)  the  emergence  over  time  of  new  species,  and  3)  the  extinction  of  other  species. 
This  outcome  framed  the  learning  experiences  we  developed  for  participants  using  the 
teaching  case  resources  described  below,  and  informed  the  development  of  a  related 
activity  using  the  Cold  Spring  Harbor  DNA  subway  interactive  website 
(http://dnasubway.iplantcollaborative.org)  to  support  an  inquiry-based  activity  designed 
for  students  using  DNA  sequences.  The  participating  teachers  also  engaged  in  two 
writing  exercises,  one  aligned  to  the  Common  Core  Literacy  Standards  and  one  to  the 
Next  Generation  Science  Standards,  with  emphasis  on  explanatory  writing  and  obtaining, 
evaluating,  and  communicating  information. 

We  also  produced  an  eight-minute  documentary  video  for  AMNH’s  Science  Bulletins — a 
nationally  distributed  multimedia  program  that  makes  breaking  science  news  and  current 
research  accessible  to  the  general  public — that  was  further  enhances,  as  described  below 
for  professional  development  uses.  Centering  on  the  evolution  of  pathogenicity  in 
Staphylococcus  aureus  (MRSA),  the  video  features  the  work  of  two  scientists:  Dr.  Paul 
Planet  at  Columbia  University,  who  has  identified  and  dated  a  gene  transfer  event  that 
enhanced  MRSA’s  ability  to  colonize  on  skin  and  cause  disease;  and  Dr.  James 
Meadows,  of  the  Center  for  Biology  in  the  Built  Environment  at  University  of  Oregon, 
whose  work  focuses  on  the  origins  of  pathogenesis  in  the  context  of  the  human 
microbiome.  It  explores  how  genes  that  certain  MRSAs  have  taken  up  have  allowed  them 
to  be  more  infectious/successful  in  this  “environment”  of  the  human  body,  as  well  as  how 
scientists  are  beginning  to  approach  the  dispersal  of  bacteria  through  the  environments 
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people  live  in — a  eritieal  line  of  inquiry  now  that  MRSA  has  moved  from  the  hospital 
into  the  eommunity.  This  Science  Bulletins  feature  for  general  audienees  debuted  in  the 
Museum’s  Hall  of  Human  Origins  in  September  2013  and  is  also  available  online 
(http://www.amnh.org/explore/seienee-bulletins/(watch)/human/doeumentaries/when- 
good-bacteria-go-bad/(p)/l)  and  to  our  subseribers,  whieh  include  museums,  science 
centers,  and  universities  across  the  nation  that  feature  Science  Bulletins  at  their  locations. 

To  utilize  this  content  for  professional  development,  AMNH  completed  production  of  an 
associated  four-segment  video  for  the  teaching  case  that  further  explicates  the  scientific 
process  and  discoveries  communicated  by  the  MRSA  documentary  as  well  as  providing 
accompanying  written  passages  for  both  teachers  and  students.  The  student  versions  were 
finalized  after  receiving  feedback  in  the  summer  2013  professional  development 
workshops,  and  in  November  2013  all  of  these  materials  were  made  available  on  the 
AMNH  website  (http://www.amnh.org/explore/curriculum-collections/bacteria-evolvmg- 
tracing-the-origins-of-a-mrsa-epidemic). 

We  are  integrating  these  new  resources  into  existing  AMNH  professional  development 
programs  to  extend  the  educational  benefits  beyond  the  grant  period,  and,  as  mentioned, 
have  already  planned  an  additional  two-day  professional  development  workshop  for 
February  19  to  20,  2014.  Moreover,  the  teaching  case  will  be  incorporated  into  the 
AMNH’s  Teacher  Renewal  for  Urban  Science  Teachers  (TRUST) — an  annual  two-week 
summer  professional  development  institute  designed  specifically  to  meet  New  York 
City’s  extensive  need  for  well-prepared  science  teachers.  In  2014,  the  TRUST  institute  in 
life  science  will  focus  on  evolution  and  biodiversity. 

An  additional  Science  Bulletin  video  was  developed  with  the  collaborative  assistance  of 
Dr.  Dan  Janies,  project  director  at  University  of  North  Carolina  at  Charlotte,  who  advised 
AMNH  Education  staff  on  SUPRAMAP  Tracks  Diseases  as  They  Evolve.  The  video 
features  SUPRAMAP  in  a  two-minute  data-based  graphic  animation,  and  as  with  all 
Science  Bulletins  media,  it  appears  in  the  Museum’s  halls,  at  partner  venues,  and  on  the 
web  (http://www.amnh.org/explore/science-bulletins/(watch)/human/news/supramap- 
tracks-diseases-as-they-evolve). 

•  Out-of-School  College  Readiness  Programming  for  High  School  Students 

DARPA  funding  served  to  enhance  AMNH’s  existing  educational  offerings  by 
leveraging  the  project’s  research  for  adaptation  and  incorporation  into  out-of-school 
courses  for  New  York  City  students.  Two  sessions  of  the  course  entitled  “Evolution  of 
Viruses,”  which  incorporated  case  studies  and  data  from  DARPA-funded  postdoctoral 
scientist  Ronald  Clouse’s  research,  were  completed  by  38  New  York  City  high  school 
students.  Additionally,  two  sessions  of  the  more  advanced  research-level  “Comparative 
Genomics”  course,  which  Dr.  Clouse  helped  to  modify  and  co-teach,  were  completed  by 
39  New  York  City  high  school  students.  Eurthermore,  two  high  school  students 
completed  a  year-long  mentored  research  project  with  Dr.  Clouse. 

The  out-of-school  course  “Evolution  of  Viruses”  was  developed  by  Dr.  Clouse  and  Nuala 
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Caomhanach,  an  educator  with  a  strong  background  in  the  biological  sciences  who  also 
taught  the  course.  A  fall  session  ran  from  September  10  through  October  29,  2012,  and  a 
spring  session  ran  from  February  25  to  April  19,  2013.  Over  12  classes,  students  explored 
the  following  questions: 

o  Where  do  deadly  viruses  come  from,  and  can  we  predict  future  outbreaks? 
o  Does  virus  DNA  contain  clues  to  their  history,  and  can  we  reconstruct  their 
paths  to  human  hosts? 

Using  SARS  as  a  case  study,  students  learned  the  basics  of  viral  evolution,  the  methods 
used  by  scientists  to  study  it,  and  how  this  information  can  be  used  to  prevent  the  next 
outbreak  of  disease. 

The  more  advanced  “Comparative  Genomics”  after-school  course  consisted  of  1 1  classes 
and  was  offered  to  high  school  students  twice — one  session  running  from  September  10 
to  October  29,  2012,  and  the  other  from  April  23  to  May  30,  2013.  This  course 
introduced  students  to  the  structure  and  function  of  the  genome,  techniques  in  molecular 
biology  used  in  Museum  laboratories,  and  the  generation,  transmission,  and  study  of 
genetic  variation  in  the  context  of  evolution  and  species  identification. 

In  June  23,  2013,  students  who  participated  in  these  courses  joined  us  for  a  field  trip  to 
Cold  Spring  Harbor  DNA  Learning  Center.  They  received  a  tour  of  the  facilities  and 
participated  in  a  human  genetic  diversity  and  evolution  lab. 

In  addition  to  these  accomplishments,  two  high  school  students  completed  research 
mentorships  with  project  scientists,  as  part  of  their  participation  in  the  AMNH’s  Science 
Research  Mentoring  Program,  an  intensive  program  that  offers  high  school  students  the 
opportunity  to  join  ongoing  research  projects  led  by  AMNH  scientists  who  provide  them 
with  mentored  support.  During  the  2012-2013  school  year,  the  students  worked  with 
postdoctoral  scientists  Clouse  and  Lavanya  Kannan  on  their  research  involving  novel 
phylogenetic  analysis.  The  students  prepared  sequence  data  sets  for  a  novel  phylogenetic 
network  analysis  and  successfully  completed  their  research  project,  titled  “Developing 
Novel  Algorithms  for  Evaluating  Reticulation  Events.”  They  presented  a  poster  and  an 
oral  presentation  at  the  Science  Research  Mentorship  Program  graduation  on  June  6, 
2013. 

CONCLUSION 

With  DARPA  support,  this  project  has  made  important  contributions  to  knowledge  about 
the  evolution  and  prediction  of  infectious  disease,  notably  enlarging  our  understanding  of 
how  pathogens  originate,  evolve,  and  spread  over  time  and  place.  We  have  developed 
important  new  resources  and  tools  for  research  and  public  health  communities,  with 
applications  across  the  natural  and  biomedical  sciences.  We  have  enhanced  sampling  of 
and  access  to  critical  avian  species  and  also  created  related  educational  programs  and 
resources  that  support  the  DOD’s  and  AMNH’s  shared  commitment  to  building  a  strong 
STEM-capable  workforce. 
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Appendix  1 :  Papers,  Software,  and  Presentations 
Covering  the  period  of  August  1,  2013  to  Oetober  31,  2013 

Manuscripts  Submitted  (but  not  vet  published) 

Kannan,  L.,  and  Wheeler,  W.  C.  On  exactly  computing  the  parsimony  scores  on 
phylogenetic  networks  using  dynamic  programming.  Journal  of  Computational  Biology. 

In  press. 

Pomeroy,  L.,  Krueger,  C.,  Voronkin,  1.,  Hardman,  J.,  Zhang,  Y.,  Hovmoller,  R.,  Janies, 

D.  Evolution  and  spread  of  H7  influenza  A  viruses  over  time,  space,  and  various  hosts. 
Transboundary  and  Emerging  Diseases. 

Papers 

Mates,  J.,  Kumar,  S.,  Bazan,  J.,  Mefford,  M.,  Voronkin,  1.,  Handelman,  S.,  Mwapasa,  V., 
Ackerman,  W.,  Janies,  D.,  Kwiek,  J.  2013.  Genotypic  and  phenotypic  heterogeneity  in 
the  U3R  region  of  HIV- 1  subtype  C.  AIDS  Research  and  Human  Retroviruses . 
http://online.liebertpub.com/doi/abs/10. 1089/ AID. 2013. 0026?mi=3yvu6q&af=R&search 
Text=breastfeeding&target=default& 

Zhang,  L.,  Cressie,  N.,  Pomeroy,  L.,  Janies,  D.  2013.  Multi-species  SIR  Models  from  a 
Dynamical  Bayesian  Perspective.  Theoretical  Ecology. 
http://link.springer.eom/article/10.1007%2Fsl2080-013-0180-x 

Software  and  Web  Applications 

2011-  POY  WEBSERVICE  http://poyws.org 

present  Simple  and  flexible  web  service  for  creating  applications  for  sequence  alignment, 
phylogenetic  analyses,  and  geographic  visualization.  Useful  across  a  broad  variety 
of  scientific  fields  including  public  health,  agricultural,  and  natural  sciences. 
Published  as  Janies  et  ah,  2012. 

2011-  GEOGENES  http://geogenes.org 

present  A  web-based  application  that  consumes  POY  WEB  SERVICE  but,  in  contrast  to 

SUPRAMAP,  provides  a  graphical  interface  to  query  underlying  datasets  of 
genetic  and  geographic  data  for  pathogens.  Published  as  Janies  et  ah,  2012. 

2009-  ROUTEMAP  http://routemap.osu.edu 

present  A  web-based  application  to  analyze  disease  transmission  events  implied  by  genetic 
sequence  data  from  pathogens.  Published  as  Hovmoller  et  ah,  2010. 

2007-  SUPRAMAP  http://supramap.org 

present  A  web-based  application  to  produce  phylogenetic  trees  and  GIS  layers  of  the 

spread  of  pathogens  across  time  space  and  various  hosts.  Published  as  Janies  et 
ah,  2010;  2012.  Code  for  the  SUPRAMAP  plug-in  is  public  and  part  of  the 
repository  for  POY.  http://code.google.eom/p/poy/ 
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Presentations 

Janies  October  4,  2013.  “Large  dataset  analysis  as  applied  to  genomics  and 

geography  of  infectious  diseases.”  College  of  Computing  and 
Informatics  University  of  North  Carolina  Charlotte  (invited). 

Wheeler  October  2013.  “The  evolution  and  biogeography  of  influenza.” 

Universidad  Nacional  Autonoma  de  Mexico,  Mexico  City,  Mexico 
(invited). 

Wheeler  October  2013.  “The  general  tree-alignment  problem.”  Universidad 

Nacional  Autonoma  de  Mexico,  Mexico  City,  Mexico  (invited). 

Wheeler  October  2013.  “Historical  linguistics  and  a  sequence  optimization 

problem:  the  evolution  and  biogeography  of  Uto-Aztecan  Languages.” 
Universidad  Nacional  Autonoma  de  Mexico,  Mexico  City,  Mexico 
(invited). 

Janies  September  12,  2013.  “Geographic  and  Genetic  Observations  of  the 

Spread  of  Infectious  Diseases”  International  Conference  on  Genomics 
in  the  Americas,  Sacramento,  CA  (invited). 

Janies  August  2013.  “The  Supramap  Project:  Genomes  and  Geography  for 

One  Health.  Use  case:  H7N9  influenza  outbreak  in  China  in  2013.” 
International  Congress  of  Pathogens  at  the  Human- Animal  Interface 
(ICOPHAI):  One  Health  for  Sustainable  Development,  Porto  de 
Galinhas,  Brazil  (contributed).  Plus  two  invited  lectures  on 
bioinformatics  and  geography  in  an  international  pre-congress  course 
on  molecular  epidemiology. 

Wheeler  August  2013.  “Heuristic  algorithms,  optimality  criteria,  and 

computational  challenges  in  the  analysis  of  comparative  sequence 
data.”  XXXll  Meeting  of  the  Willi  Hennig  Society,  Rostock, 

Germany. 


Science  Documentary  Videos 

When  Good  Bacteria  Go  Bad.  http://www.amnh.org/explore/science- 
bulletins/(watch)/human/documentaries/when-good-bacteria-go-bad/(p)/l 


Teachins  Case 

Bacteria  Evolving:  Tracing  the  Origins  of  a  MRSA  Epidemic. 
http://www.amnh.org/explore/curriculum-collections/bacteria-evolving-tracing-the- 


origins-of-a-mrsa-epidemic 
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Appendix  2:  Teaching  Case 


©  American  Museum  S  Natural  History 

Bacteria  Evolving: 

Tracing  the  Origins  ofaMRSA  Epidemic 


TEACHER 

VERSION 


PASSAGE  ONE 

What  is  MRSA? 


We  often  think  of  the  human  body  as  one  organism,  but  in 
fact,  our  bodies  are  home  to  a  complex  ecosystem  of  micro¬ 
organisms.  Right  now  more  than  8,000  species  of  bacteria 
are  living  in  and  on  your  body,  and  about  1,000  of  those  are 
living  on  your  skin.  And  that’s  just  the  number  of  species.  All 
of  these  bacteria  reproduce  very  quickly,  producing  a  new 
generation  in  as  little  as  every  twenty  minutes.  We  can  only 
estimate  the  total  number  of  bacteria  in  and  on  your  body, 
but  it  might  be  as  many  as  100  trillion  individual  organisms. 

Along  with  bacteria,  there  are  other  microscopic  organisms 
living  on  us,  including  viruses  and  fungi.  Together,  these  or¬ 
ganisms  form  a  microbiome,  a  microscopic  ecosystem.  Not 
only  that,  within  the  microbiome  are  many  different  micro¬ 
scopic  habitats  or  environments.  Each  habitat  has  its  own 
unique  population  of  microorganisms. 

Some  bacteria  thrive  in  your  hair  follicles,  others  in  your 
sweat  glands,  others  in  the  relatively  moist  areas  of  your 
face  and  back. 

The  relationship  between  your  skin  and  these  microorgan¬ 
isms  is  quite  complex.  Your  skin  is  a  barrier  that  keeps  these 
organisms  out  of  your  body.  At  the  same  time,  it  also  inter¬ 
acts  with  them. For  example,some  bacteria  onyourskin  help 

to  “educate”  your  immune 
system  so  it  will  be  better  able 
to  recognize  dangerous  bacte¬ 
ria  that  invade  the  body. 

However,  sometimes  bacteria 
on  our  skin  can  become  harm¬ 
ful  or  even  deadly.  One  exam¬ 
ple  is  a  group  of  bacteria  called 
MRSA  or  Methicillin-Resistant 
Staphylococcus  Aureus. 


Staphylococcus  gets  it  name  from  its  round  shape.  Coccus  means  "little 
ball”  and  staphylo  means  "bunch  of  grapes”  (shown  here  in  yellow). 

That’s  what  staph  bacteria  look  like  under  the  microscope  -  a  bunch 
of  grapes.  The  word  aureus  refers  to  its  golden  pigment. 

What  is  MRSA? 

Staphylococcus  or  staph  is  a  large  group  of  bacteria.  Within 
that  group  is  a  species  called  Staphylococcus  aureus  that  has 
adapted  to  live  on  our  skin  and  in  our  nostrils.  About  one 
in  three  people  have  staph  on  their  bodies,  usually  without 
even  knowing  it.  When  bacteria  live  on  us  without  harm¬ 
ing  us,  it’s  called  colonization.  However,  sometimes  bacteria 
attack  healthy  cells  and  make  us  sick,  causing  Infection. 

Doctors  can  usually  cure  bacterial  infections  with  antibiotic 
medicines.  And  that’s  why  MRSA  is  so  dangerous.  As  you  can 
tell  from  its  name,  MRSA  is  methiclllln-resistant.  Methicillin 
used  to  be  the  antibiotic  that  was  most  effective  in  treating 
staph  infections.  But  methicillin  and  other  related  antibiot¬ 
ics  do  not  kill  MRSA.  As  a  result,  MRSA  infections  are  very 
difficult  to  treat  and  sometimes  fatal. 

There  are  about  100  different  types  of  MRSA,  and  about  one 
to  five  percent  of  people  carry  MRSA  colonies.  Within  that 


A  staph  infection  can  occur 
when  the  bacteria  gets 
under  human  skin. 


amnh.org/education/mrsa 


©  2013  American  Museum  of  Natural  History.  All  Rights  Reserved.  Page  1 
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Bacteria  Evolving: 

Tracing  the  Origins  of  a  MRSA  Epidemic 


TEACHER  VERSION 


CONTINUED 

What  is  MRSA? 


group,  only  a  tiny  percentage  will 
get  a  MRSA  infection.  Like  other  S. 
aureus,  a  MRSA  bacterium  by  itself 
does  not  make  you  sick,  but  can  get 
under  your  skin  and  become  quite 
serious. 

A  New  Type  of  MRSA 

MRSA  bacteria  strains  (subtypes 
within  a  species)  have  been  around 
fora  long  time.  In  fact,  only  two  years 
after  the  introduction  of  methicillin 
in  the  1950’s,  the  first  cases  of  meth- 
icillin-resistant  S.  aureus  appeared 
in  hospitals.  This  is  called  hospital- 
acquired-MRSA.  It  seems  to  spread 
mainly  through  hospital  equipment  and  personnel. 

Then,  in  the  late  1990’s,  a  new  type  of  MRSA  began  showing 
up.  The  new  strains,  unlike  hospital-acquired-MRSA,  were 
causing  infections  in  healthy  people  outside  of  hospitals.This 
was  called  community-acquired-MRSA.  The  most  common 
community-acquired-MRSA  strain  was  called  USA300.  Al¬ 
though  it  was  more  susceptible  to  antibiotics,  USA300  was 
somehow  much  better  at  spreading  from  person  to  person 
than  hospital-acquired-MRSA. 

It’s  clear  why  this  new  type  of  MRSA  was  so  troubling  to  doc¬ 
tors  and  public  health  work¬ 
ers.  They  feared  its  ability  to 
spread  outside  of  hospital 
settings  would  lead  to  dan¬ 
gerous  epidemics.  And  in 
fact,  cases  of  MRSA,  though 
still  relatively  rare,  have  in¬ 
creased  dramatically  in  past 
decades. 

Scientists  and  health  work- 


HOSPITAL  STAYS  WITH  MRSA  1993  -  2005 


Cases  of  MRSA  reported  in  U.S.  hospitals  have  skyrocketed  over  the  past  two  decades,  prompting 
researchers  to  track  the  evolution  of  this  rapidly  changing  epidemic. 


Researchers  take  a  close  look  at 
Staphylococcus  aureus  in  a  petri 
dish  at  Columbia  University 
Medical  Center  in  New  York  City. 


ers  knew  that  MRSA  had  evolved.  Somehow,  the  strain  called 
USA300  had  gained  the  ability  to  spread  more  easily  from 
person  to  person.  But  how  was  it  able  to  do  that?  And  how 
had  it  gotten  this  new  ability?  That  was  the  mystery  that 
scientists  set  out  to  solve.  If  they  could  find  the  answer,  they 
just  might  be  able  to  find  a  way  to  stop  MRSA  from  causing 
serious  infections,  even  fatalities. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  are  the  medical  implications  of 
antibiotic  resistance? 

•  What  factors  make  USA300,  a  MRSA  strain, 
of  special  concern? 

•  What  are  some  of  the  questions  that 
scientists  ask  about  USA300? 

Looking  ahead: 

•  What  kind  of  data  do  you  think  scientists 
might  collect  to  answer  those  questions? 
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What  is  MRSA? 

We  often  think  of  the  human  body  as  one  organism,  but  in  fact, 
our  bodies  are  home  to  a  complex  ecosystem  of  microorgan¬ 
isms.  Right  now  more  than  8,000  species  of  bacteria  are  living 
in  and  on  your  body,  and  about  1,000  of  those  are  living  on  your 
skin.  And  that’s  just  the  number  of  species.  All  of  these  bacteria 
reproduce  very  quickly,  producing  a  new  generation  in  as  little  as 
every  twenty  minutes.  We  can  only  estimate  the  total  number 
of  bacteria  in  and  on  your  body,  but  it  might  be  as  many  as  100 
trillion  individual  organisms. 

Along  with  bacteria,  there  are  other  microscopic  organisms 
living  on  us,  including  viruses  and  fungi.  Together,  these  organ¬ 
isms  form  a  microb}ome,a  microscopic  ecosystem.  Not  only  that, 
within  the  microbiome  are  many  different  microscopic  habitats 
or  environments.  Each  habitat  has  its  own  unique  population  of 
microorganisms. 

Some  bacteria  thrive  in  your  hair  follicles,  others  in  your  sweat 
glands,  others  in  the  relatively  moist  areas  ofyourface  and  back. 


Staphylococcus  gets  it  name  from 
its  round  shape.  Coccus  means 
"little  ball”  and  staphylo  means 
"bunch  of  grapes”  (shown  herein 
yellow). That’s  what  staph  bacteria 
look  like  under  the  microscope -a 
bunch  of  grapes. The  word  aureus 
refers  to  its  golden  pigment. 


The  relationship  between  your  skin  and  these  microorganisms 
is  quite  complex.  Your  skin  is  a  barrier  that  keeps  these  organ¬ 
isms  out  of  your  body.  At  the  same  time,  it  also  interacts  with 
them.  For  example,  some  bacteria  onyourskin  help  to  "educate” 
your  immune  system  so  it  will  be  better  able  to  recognize  dan¬ 
gerous  bacteria  that  invade  the  body. 

However,  sometimes  bacteria  on  our  skin  can  become  harmful 
or  even  deadly.  One  example  is  a  group  of  bacteria  called  MRSA 
or  Methicillin-Resistant  Staphylococcus  Aureus. 

What  is  MRSA? 

Staphylococcus  or  staph  is  a  large  group  of  bacteria.  Within  that 
group  is  a  species  called  Staphylococcus  aureus  that  has  adapted 
to  live  on  our  skin  and  in  our  nostrils.  About  one  in  three  people 
have  staph  on  their  bodies,  usually  without  even  knowing  it. 
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What  is  MRSA? 


When  bacteria  live  on  us  without 
harming  us,  it’s  called  colonization. 
However,  sometimes  bacteria  attack 
healthy  cells  and  make  us  sick,  caus¬ 
ing  infection. 

Doctors  can  usually  cure  bacterial 
infections  with  antibiotic  medicines. 
And  that’s  why  MRSA  is  so  danger¬ 
ous.  As  you  can  tell  from  its  name, 
MRSA  is  methicillin-resistant.  Methi- 
cillin  used  to  be  the  antibiotic  that 
was  most  effective  in  treating  staph 
infections.  But  methicillin  and  other 
related  antibiotics  do  not  kill  MRSA. 
As  a  result,  MRSA  infections  are  very 
difficult  to  treat  and  sometimes 
fatal. 


UNDER  THE  MICROSCOPE 

Researchers  take  a  close  look  at  Staphylococcus  aureus  In  a  petrl  dish  at  Columbia  University 
Medical  Center  In  New  York  City. 


There  are  about  100  different  types 

of  MRSA,  and  about  one  to  five  percent  of  people  carry  MRSA 
colonies.  Within  that  group,  only  a  tiny  percentage  will  get  a 
MRSA  infection.  Like  other  S.  aureus,  a  MRSA  bacterium  by  itself 
does  not  make  you  sick,  but  can  get  underyourskin  and  become 
quite  serious. 


FAST  FACTS 


Staphylococcus  aureus  is  the 
leading  cause  of  surgical  wound 
infections 


A  New  Type  of  MRSA 

MRSA  bacteria  strains  (subtypes  within  a  species)  have  been 
around  for  a  long  time.  In  fact,  only  two  years  after  the  intro¬ 
duction  of  methicillin  in  the  1950’s,  the  first  cases  of  methicillin- 
resistant  S.  aureus  appeared  in  hospitals.  This  is  called  hospital- 
acquired-MRSA.  It  seems  to  spread  mainly  through  hospital 
equipment  and  personnel. 

Then,  in  the  late  1990’s,  a  new  type  of  MRSA  began  showing  up. 
The  new  strains,  unlike  hospital-acquired-MRSA,  were  causing 
infections  in  healthy  people  outside  of  hospitals. This  was  called 


MRSA  can  spread  in  two  ways: 
between  patients  and  health¬ 
care  workers  in  a  hospital,  or 
individuals  living  and  working 
together  in  close  community 


Over  2  million  patients  in  the 
United  States  get  an  infection  in 
the  hospital  each  year 
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What  is  MRSA? 


comm  unity-acquired -MRSA. 

The  most  common  communi- 
ty-acquired-MRSA  strain  was 
called  USA300.  Although  it 
was  more  susceptible  to  an¬ 
tibiotics,  USA300  was  some¬ 
how  much  betterat  spreading 
from  person  to  person  than 
hospital-  acquired-MRSA. 

It’s  clear  why  this  new  type 
of  MRSA  was  so  troubling 
to  doctors  and  public  health 
workers.  They  feared  its  abil¬ 
ity  to  spread  outside  of  hos¬ 
pital  settings  would  lead  to 
dangerous  epidemics.  And  in 
fact,  cases  of  MRSA,  though 

still  relatively  rare,  have  increased  dramatically  in  past 
decades. 

Scientists  and  health  workers  knew  that  MRSA  had 
evolved.  Somehow, the  strain  called  USA300  had  gained 
the  ability  to  spread  more  easily  from  person  to  person. 
But  how  was  it  able  to  do  that?  And  how  had  it  gotten 
this  new  ability?  That  was  the  mystery  that  scientists 
set  out  to  solve.  If  they  could  find  the  answer,  they  just 
might  be  able  to  find  a  way  to  stop  MRSA  from  causing 
serious  infections,  even  fatalities. 


HOSPITAL  STAYS  WITH  MRSA  1993  -  2005 


TRACKING  THE  EPIDEMIC 

Cases  of  MRSA  reported  in  U.S.  hospitals  have  skyrocketed  over  the  past  two  decades,  prompting 
researchers  to  track  the  evolution  of  this  rapidly  changing  epidemic. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  are  the  medical  implications  of 
antibiotic  resistance? 

•  What  factors  make  USA300,  a  MRSA  strain, 
of  special  concern? 

•  What  are  some  of  the  questions  that 
scientists  ask  about  USA300? 

Looking  ahead: 

•  What  kind  of  data  do  you  think  scientists 
might  collect  to  answer  those  questions? 
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PASSAGE  TWO 

How  Did  MRSA  Evolve? 

What  allowed  USA300  to  thrive  outside  a  hospital  setting,  and  with 
such  virulence?  Scientists  knew  the  answer  lay  in  the  bacteria’s 
genome,  the  sum  of  all  its  genetic  material.  Within  the  bacteria’s 
genome  were  the  clues  that  could  explain  how  the  USA300  strain 
of  MRSA  had  evolved. 

Different  Types  of  Mutations 

Like  all  organisms,  bacteria  can  acquire  new  traits  through  muta¬ 
tions.  Mutations  are  any  change  in  the  sequence  of  DNA  nucleotides 
within  an  organism’s  genome.  The  main  cause  of  mutations  are  ex¬ 
posure  to  foreign  chemicals  or  radiation,  errors  during  DNA  replica¬ 
tion,  and  from  insertion  or  deletion  of  DNA  segments.  If  a  mutation 
is  beneficial,  it  gives  the  organism  an  evolutionary  advantage  by 
helping  it  and  its  descendants  to  survive  in  a  new  environment. This 
is  the  process  of  natural  selection. 

These  types  of  mutations  can  happen  in  any  organism.  In  bacteria, 
DNA  can  also  be  acquired  through  the  process  of  DNA  transfer.  That 
means  that  bacteria  can  get  whole  new  sets  of  DNA  from  other  bac¬ 
teria,  creating  sudden  and  dramatic  changes  in  their  genome.  They 
can  even  do  this  with  bacteria  that  are  distantly  related,  the  equiva¬ 
lent  of  a  human  being  getting  new  genes  from  a  cat. 

This  ability  to  pick  up  entire  sets  of  foreign  DNA  is  what  makes  bac¬ 
teria  evolution  so  sudden  and  unpredictable.  Twenty-five  percent 
or  more  of  a  bacterium’s  genome  might  be  acquired  in  this  way.  It 
gives  them  a  unique  way  of  picking  up  genes  that  other  bacteria 
have  already  tried  out.  That’s  a  great  evolutionary  tool. 


Definitions 

DNA:  Deoxyribonucleic 
acid  is  the  organic 
molecule  that  forms  the 
genetic  material  of  an 
organism.  Chromosomes 
are  made  of  DNA. 

gene:  a  section  of  DNA 
on  a  chromosome  that 
encodes,  individually 
or  as  part  of  a  group 
of  genes,  for  a  specific 
hereditary  trait. 

genome:  the  complete 
genetic  material  or  base 
sequence  of  an  organism 
or  species. 

genotype:  the  genetic 
makeup  of  an  individual 
or  species. 

phenotype:  the 

observable  characteristics 
of  an  organism  or  species, 
including  its  appearance, 
structure,  behaviors. 

selective  pressure:  a 

factor  that  affects  the 
reproductive  success 
of  individuals  in  a 
population. 

virulence:  ability  of  some 
bacteria  to  cause  serious 
illness. 
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CONTINUED 

How  Did  MRSA  Evolve? 


DNA  transfer  in  bacteria  can  happen  in  several  ways. 

These  still  images  from 

•  Bacteria  can  recognize  loose  pieces  of  DNA  that  are  floating  nearby.  These  pieces  an  animation  show  three 

might  come  from  a  bacterium  that  ruptured.  In  a  process  called  transformation  ways  that  DNA  can  be 

(Figure  i),  the  bacterium  can  actively  reach  out  and  pull  the  loose  DNA  through  transferred  in  bacteria, 

its  membranes. 

•  Viruses  called  bacteriophages  can  enter  a  bacterium  and  replicate  inside  it.  At 
the  same  time,  the  virus  can  pick  up  DNA  from  the  infected  cell,  move  it  over 
and  inject  it  into  another  cell.  The  DNA  becomes  part  of  the  second  organism’s 
genome.  This  process  is  called  transduction  (Figure  2). 

•  Bacteria  can  also  trade  DNA  with  each  other,  in  a  process  called  conjugation 
(Figure  3).  In  conjugation,  two  cells  come  close  to  each  other  and  form  a  bridge  or 
link  between  them.  Then  one  of  the  bacteria  transfers  a  bit  of  DNA  to  the  other. 
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CONTINUED 

How  Did  MRSA  Evolve? 


The  Evolution  of  USA300 

In  order  to  develop  ways  to  combat  MRSA  infections,  scien¬ 
tists  needed  to  study  its  genetic  material.  They  were  espe¬ 
cially  interested  in  finding  out  what  made  the  most  viru¬ 
lent  of  the  community-acquired  strains  of  MRSA,  USA300, 
different  from  the  older,  hospital-acquired  strains. 

The  genome  of  USA300  had  already  been  mapped,  so  the 
researchers  were  able  to  compare  the  DNA  of  USA300  with 
the  genomes  of  other  strains  of  S.  aureus  bacteria.  When 
researchers  did  that,  important  differences  jumped  out  at 
them.  The  USA300  MRSA  had  genes  that  had  never  been 
seen  before  in  S.  aureus  bacteria,  including  a  set  of  34  genes 
called  the  Arginine  Catabolic  Mobile  Elements  (ACME) 
region.  One  of  those  34  genes  is  one  they  called  speG. 


How  Antibiotics  Can  Create  Drug-Resistant 
Bacteria 

Natural  selection  explains  how  the  overuse  of  antibiotics 
leads  to  new  strains  of  drug  resistant  bacteria.  In  all  organ¬ 
isms,  members  of  the  same  population  have  slightly  dif¬ 
ferent  genes  or  DNA.  Because  of  genetic  variation  within 
bacteria  populations,  some  members  can  be  easily  killed 
off  by  antibiotics,  while  others  will  not.  If  the  population  is 
repeatedly  exposed  to  an  antibiotic,  the  seiective pressure 
in  the  population  will  allow  the  most  drug-resistant  bac¬ 
teria  to  survive.  Over  time, you  have  a  population  in  which 
all  the  members  are  drug-resistant. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  kind  of  data  are  the  scientists 
collecting?  How  does  this  compare  to  your 
answer  from  Passage  1? 

•  What  are  the  implications  of  DNA 
transfer  for  the  development  of  antibiotic 
resistance  in  bacteria? 

•  How  does  natural  selection  explain  the 
development  of  antibiotic  resistance? 

Looking  ahead: 

•  What  experiments  could  the  scientists 
design  to  find  out  whether  the  speG 
gene  is  responsible  for  USAboo’s  unique 
characteristics? 
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How  Did  MRSA  Evolve? 

What  allowed  USA300  to  thrive  outside  a  hospital  set¬ 
ting,  and  with  such  virulence?  Scientists  knew  the  answer 
lay  in  the  bacteria’s  genome,  the  sum  of  all  its  genetic 
material.  Within  the  bacteria’s  genome  were  the  clues 
that  could  explain  how  the  USA300  strain  of  MRSA  had 
evolved. 

Different  Types  of  Mutations 

Like  all  organisms,  bacteria  can  acquire  newtraitsthrough 
mutations.  Mutations  are  any  change  in  the  sequence  of 
DNA  nucleotides  within  an  organism’s  genome. The  main 
cause  of  mutations  are  exposure  to  foreign  chemicals  or 
radiation,  errors  during  DNA  replication,  and  from  inser¬ 
tion  or  deletion  of  DNA  segments.  If  a  mutation  is  benefi¬ 
cial,  it  gives  the  organism  an  evolutionary  advantage  by 
helping  it  and  its  descendants  to  survive  in  a  new  envi¬ 
ronment.  This  is  the  process  of  natural  selection. 

These  types  of  mutations  can  happen  in  any  organism.  In 
bacteria,  DNA  can  also  be  acquired  through  the  process 
of  DNA  transfer.  That  means  that  bacteria  can  get  whole 
new  sets  of  DNA  from  other  bacteria,  creating  sudden 
and  dramatic  changes  in  their  genome. They  can  even  do 
this  with  bacteria  that  are  distantly  related,  the  equiva¬ 
lent  of  a  human  being  getting  new  genes  from  a  cat. 

This  ability  to  pick  up  entire  sets  of  foreign  DNA  is  what 
makes  bacteria  evolution  so  sudden  and  unpredictable. 
Twenty-five  percent  or  more  of  a  bacterium’s  genome 
might  be  acquired  in  this  way.  It  gives  them  a  unique  way 
of  picking  up  genes  that  other  bacteria  have  already  tried 
out.  That’s  a  great  evolutionary  tool. 


DEFINITIONS 

DNA:  Deoxyribonucleic 
acid  is  the  organic 
molecule  that  forms  the 
genetic  material  of  an 
organism.  Chromosomes 
are  made  of  DNA. 

gene:  a  section  of  DNA 
on  a  chromosome  that 
encodes,  individually 
or  as  part  of  a  group 
of  genes,  for  a  specific 
hereditary  trait. 

genome:  the  complete 
genetic  material  or  base 
sequence  of  an  organism 
or  species. 

genotype:  the  genetic 
makeup  of  an  individual 
or  species. 

phenotype:  the 

observable  characteristics 
of  an  organism  or  species, 
including  its  appearance, 
structure,  behaviors. 

selective  pressure:  a 

factor  that  affects  the 
reproductive  success 
of  individuals  in  a 
population. 

virulence:  ability  of  some 
bacteria  to  cause  serious 
illness. 
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CONTINUED 

How  Did  MRSA  Evolve? 


DNA  transfer  in  bacteria  can  happen  in  several  ways. 

•  Bacteria  can  recognize  loose  pieces  of  DNA  that  are  floating  nearby. 
These  pieces  might  come  from  a  bacterium  that  ruptured.  In  a  process 
called  transformation  (Figure  i),  the  bacterium  can  actively  reach  out 
and  pull  the  loose  DNA  through  its  membranes. 

•  Viruses  called  bacteriophages  can  enter  a  bacterium  and  replicate  inside 
it.  At  the  same  time,  the  virus  can  pick  up  DNA  from  the  infected  cell, 
move  it  over  and  inject  it  into  another  cell.  The  DNA  becomes  part  of  the 
second  organism’s  genome. This  process  is  called  transduction  (Figure  2). 

•  Bacteria  can  also  trade  DNA  with  each  other,  in  a  process  called  conjuga¬ 
tion  (Figure  3).  In  conjugation,  two  cells  come  close  to  each  other  and 
form  a  bridge  or  link  between  them. Then  one  of  the  bacteria  transfers  a 
bit  of  DNA  to  the  other. 


STEP  BY  STEP 

These  still  images  from  an 
animation  show  three  ways 
that  DNA  can  be  transferred 
in  bacteria. 
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CONTINUED 

How  Did  MRSA  Evolve? 


The  Evolution  of  USA300 

In  order  to  develop  ways  to  combat  MRSA  infections,  scientists 
needed  to  study  its  genetic  material.  They  were  especially  inter¬ 
ested  in  finding  out  what  made  the  most  virulent  of  the  commu¬ 
nity-acquired  strains  of  MRSA,  USA300,  different  from  the  older, 
hospital-acquired  strains. 

The  genome  of  USA300  had  already  been  mapped,  so  the  re¬ 
searchers  were  able  to  compare  the  DNA  of  USA300  with 
the  genomes  of  other  strains  of  S.  aureus  bacteria.  When  re¬ 
searchers  did  that,  important  differences  jumped  out  at 
them.  The  USA300  MRSA  had  genes  that  had  never  been 
seen  before  in  S.  aureus  bacteria,  including  a  set  of  34  genes 
called  the  Arginine  Catabolic  Mobile  Elements  (ACME) 
region.  One  of  those  34  genes  is  one  they  called  speG. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  kind  of  data  are  the  scientists  collecting?  How 
does  this  compare  to  your  answer  from  Passage  1? 

•  What  are  the  implications  of  DNA  transfer  for  the 
development  of  antibiotic  resistance  in  bacteria? 

•  How  does  natural  selection  explain  the  development 
of  antibiotic  resistance? 

Looking  ahead: 

•  What  experiments  could  the  scientists  design  to 
find  out  whether  the  speG  gene  is  responsible  for 
USAboo’s  unique  characteristics? 


HOW  ANTIBIOTICS  CREATE 
DRUC-RESISTANT  BACTERIA 

Natural  selection  explains  how  the  overuse 
of  antibiotics  leads  to  new  strains  of  drug 
resistant  bacteria.  In  all  organisms,  mem¬ 
bers  of  the  same  population  have  slightly 
different  genes  or  DNA.  Because  of  genetic 
variation  within  bacteria  populations,  some 
members  can  be  easily  killed  off  by  antibiot¬ 
ics,  while  others  will  not.  If  the  population  is 
repeatedly  exposed  to  an  antibiotic,  the  se¬ 
lective  pressure  in  the  population  will  allow 
the  most  drug-resistant  bacteria  to  survive. 
Overtime, you  have  a  population  in  which 
all  the  members  are  drug-resistant. 
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At  the  start  of  their  experiment,  scientists  pipette  knock-out  samples  of  the  speG  gene  onto  live  human  skin 
cells  growing  In  vials  at  Columbia  University  Medical  Center  In  New  York  City. 


Scientists’  initial  hypothesis 
was  that  the  speG  gene  was 
the  cause  of  spermidine-resis- 
tence  in  USA300.  Spermidine 
is  a  natural  antibiotic  given 
off  by  your  skin  when  you 
have  a  cut  or  abrasion.  They 
reasoned  that  the  speG  gene 
in  USA300  makes  it  com¬ 
pletely  resistant  to  the  killing 
power  of  spermidine. 

Now  they  had  to  test  this 
hypothesis.  They  wondered: 

What  if  they  could  disable  the 
speG  gene  in  USA300?  What 
would  happen  then?  Would 
USA300  still  be  resistant  to 
spermidine? 

To  conduct  this  test,  the  scien¬ 
tists  studied  the  effect  of  spermidine  both  on  a  “wild  type” 
USA300  and  on  a  “knockout”  USA300,  in  which  the  original 
speG  gene  is  either  replaced  by  a  non-functioning  mutant 
copy  of  the  gene,  or  the  gene  is  deleted  from  the  genome 
altogether.  They  expected  that  the  modified  version  of 
USA300  would  not  be  able  to  alter  or  neutralize  spermidine. 

First  they  had  to  prepare  the  knockout  USA300.  How  could 
they  get  the  bacteria  to  take  in  the  foreign  DNA  with  the 
modified  gene?  Well,  as  the  scientists  know,  bacteria  are  very 
good  at  adopting  foreign  DNA  into  their  genome.  They  do  it 
all  the  time.  They  researchers  decided  to  use  the  bacteria’s 
own  process  of  transformation.  They  placed  USA300  bacte¬ 
ria  in  a  medium  that  contained  the  mutant  speG  gene. Then 
they  used  small  electric  shocks  to  stimulate  the  USA300  bac¬ 
teria  to  open  pores  in  their  outside  cell  membranes  and  take 
in  the  foreign  DNA.  This  way,  they  successfully  got  some  of 
the  bacteria  to  replace  their  original  speG  gene  with  a  non¬ 
functioning  version. 


This  allowed  them  to  run  side-by-side  tests.  They  recreated 
the  conditions  of  a  skin  infection  by  growing  human  skin 
cells  in  a  culture.  To  each  sample  they  added  some  spermi¬ 
dine  and  then  introduced  the  two  versions  of  USA300,  the 
wild  type  and  the  knockout.  The  results  supported  their  hy¬ 
pothesis.  The  knockout  bacteria  fared  much  worse  than  the 
wild  group  with  functioning  speG  genes.  Without  a  defense 
against  the  spermidine,  the  proportion  of  mutant  USA300 
bacteria  that  survived  was  much  smaller. The  difference  was 
clear:  it  was  the  speG  gene  that  gives  USA300  protection 
from  killing  by  human  skin.  They  also  found  that  the  speG 
gene  allows  USA300  to  better  attach  itself  to  human  skin. 

Next,  scientists  wondered  when  USA300  first  acquired  the 
speG  gene.  To  find  out  they  created  a  phylogenetic  tree  of 
MRSA  strains.  A  phylogenetic  tree,  or  cladogram,  is  a  branch¬ 
ing  diagram  that  shows  the  relationships  among  organisms 
based  on  comparisons  of  physical  or  molecular  characteris¬ 
tics.  The  diagram  indicates  which  groups  are  most  closely  re¬ 
lated.  The  order  of  branching  points  on  the  tree  can  be  used 
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to  infer  the  order  of  historical  events  in  a  particular  lineage. 
Scientists  used  this  technique  that  the  acquisition  of  the 
spec  in  the  USA300  lineage  probably  occurred  around  1997, 
which  coincides  with  the  first  outbreaks  of  community-ac¬ 
quired  MRSA. 

But  there  was  one  more  piece  to  the  puzzle.  How  did 
USA300  get  the  speG  gene?  Where  did  it  come  from?  They 
knew  the  answer  probably  lay  somewhere  in  the  vast  mi- 
crobiome  that  exists  on  human  skin. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  experiments  did  the  scientists 
design  to  find  out  whether  the  speG 
gene  is  responsible  for  USAboo’s  unique 
characteristics?  Create  diagram  that 
shows  the  design  of  the  experiment.  How 
does  this  compare  to  your  answer  from 
Passage  2? 

•  What  question  did  the  scientists  answer 
by  building  a  phylogenetic  tree? 

Looking  ahead: 

•  If  USA300  acquired  the  speG  gene  through 
DNA  transfer,  what  steps  might  the 
scientists  take  in  order  to  find  the  source 
of  that  gene?scientists  design  to  find  out 
whether  the  speG  gene  is  responsible  for 
USAboo’s  unique  characteristics? 


Strain  a 


Strain  b 


Strain  c 


This  simple  phylogenetic  tree  shows  that  strain  a  and  strain  b  are 
more  closely  related  to  each  other  than  either  Is  to  strain  c. 
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Scientists’  initial  hypothesis  was  that  the 
spec  gene  was  the  cause  of  spermidine- 
resistence  in  USA300.  Spermidine  is  a  nat¬ 
ural  antibiotic  given  off  by  your  skin  when 
you  have  a  cut  or  abrasion.  They  reasoned 
that  the  speG  gene  in  USA300  makes  it 
completely  resistant  to  the  killing  power 
of  spermidine. 

Now  they  had  to  test  this  hypothesis. 
They  wondered:  What  if  they  could  disable 
the  speG  gene  in  USA300?  What  would 
happen  then?  Would  USA300  still  be  resis¬ 
tant  to  spermidine? 


To  conduct  this  test,  the  scientists  stud¬ 
ied  the  effect  of  spermidine  both  on  a 
"wild  type”  USA300  and  on  a  "knockout” 

USA300,  in  which  the  original  speG  gene 
is  either  replaced  by  a  non-functioning 
mutant  copy  of  the  gene,  or  the  gene  is  deleted  from  the  genome 
altogether.  They  expected  that  the  modified  version  of  USA300 
would  not  be  able  to  alter  or  neutralize  spermidine. 


IN  THE  LABORATORY 

At  the  start  of  their  experiment,  scientists  pipette  knock-out  samples  of  the  speG  gene 
onto  live  human  skin  cells  growing  In  vials  at  Columbia  University  Medical  Center  In 
New  York  City. 


First  they  had  to  prepare  the  knockout  USA300.  How  could  they 
get  the  bacteria  to  take  in  the  foreign  DNA  with  the  modified 
gene?  Well,  as  the  scientists  know,  bacteria  are  very  good  at 
adopting  foreign  DNA  into  their  genome. They  do  it  all  the  time. 
They  researchers  decided  to  use  the  bacteria’s  own  process  of 
transformation. They  placed  USA300  bacteria  in  a  medium  that 
contained  the  mutant  speG  gene.  Then  they  used  small  electric 
shocks  to  stimulate  the  USA300  bacteria  to  open  pores  in  their 
outside  cell  membranes  and  take  in  the  foreign  DNA.  This  way, 
they  successfully  got  some  of  the  bacteria  to  replace  their  origi¬ 
nal  speG  gene  with  a  non-functioning  version. 

This  allowed  them  to  run  side-by-side  tests.  They  recreated  the 
conditions  of  a  skin  infection  by  growing  human  skin  cells  in  a 
culture.  To  each  sample  they  added  some  spermidine  and  then 
introduced  the  two  versions  of  USA300,  the  wild  type  and  the 
knockout.  The  results  supported  their  hypothesis.  The  knockout 
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bacteria  fared  much  worse  than  the  wild  group  with  function¬ 
ing  speG  genes.  Without  a  defense  against  the  spermidine,  the 
proportion  of  mutant  USA300  bacteria  that  survived  was  much 
smaller.The  difference  was  clear:  it  was  the  speG  gene  that  gives 
USA300  protection  from  killing  by  human  skin. They  also  found 
that  the  speG  gene  allows  USA300  to  better  attach  itself  to 
human  skin. 

Next,  scientists  wondered  when  USA300  first  acquired  the  speG 
gene.  To  find  out  they  created  a  phylogenetic  tree  of  MRSA 
strains.  A  phylogenetic  tree,  or  cladogram,  is  a  branching  dia¬ 
gram  that  shows  the  relationships  among  organisms  based  on 
comparisons  of  physical  or  molecular  characteristics.  The  dia¬ 
gram  indicates  which  groups  are  most  closely  related. The  order 
of  branching  points  on  the  tree  can  be  used  to  infer  the  order 
of  historical  events  in  a  particular  lineage.  Scientists  used  this 
technique  that  the  acquisition  of  the  speG  in  the  USA300  lin¬ 
eage  probably  occurred  around  1997,  which  coincides  with  the 
first  outbreaks  of  community-acquired  MRSA. 

But  there  was  one  more  piece  to  the  puzzle.  How  did  USA300 
get  the  speG  gene?  Where  did  it  come  from?  They  knew  the 
answer  probably  lay  somewhere  in  the  vast  microbiome  that 
exists  on  human  skin. 


Strain  a 


Strain  b 


Strain  c 


, 


CLOSE  RELATIVES 

This  simple  phylogenetic  tree  shows  that  strain  a  and 
strain  b  are  more  closely  related  to  each  other  than 
either  Is  to  strain  c. 


STOP  AND  THINK 

Based  on  the  text: 

•  What  experiments  did  the  scientists  design  to  find  out  whether 
the  speG  gene  is  responsible  for  USAboo’s  unique  characteristics? 
Create  diagram  that  shows  the  design  of  the  experiment.  How 
does  this  compare  to  your  answer  from  Passage  2? 

•  What  question  did  the  scientists  answer  by  building  a 
phylogenetic  tree? 

Looking  ahead: 

•  If  USA300  acquired  the  speG  gene  through  DNA  transfer,  what 
steps  might  the  scientists  take  in  order  to  find  the  source  of  that 
gene?scientists  design  to  find  out  whether  the  speG  gene  is 
responsible  for  USAboo’s  unique  characteristics? 
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To  solve  the  mystery  of  the  origins  of  USA300,  research¬ 
ers  looked  to  the  microbiome  that  lives  on  human  skin. 
They  knew  that  within  this  vast,  microscopic  ecosys¬ 
tem  lives  a  network  of  organisms  that  compete  with 
each  other,  co-exist  with  each  other  and  are  constant¬ 
ly  evolving.  If  USA300  acquired  the  speG  gene,  it  was 
most  likely  from  some  other  bacterium  or  organism 
that  is  part  of  this  ecosystem.  And  that  is  exactly  what 
they  found.  USA300  had  gotten  its  new  abilities  from 
another  staph  species,  Staphylococcus  epidermidis. 

The  Source:  S.  epidermidis 

Staph  epidermidis  is  a  type  of  Staphylococcus  that  is 
closely  related  to  Staphylococcus  aureus.  Like  S.  aureus, 
S.  epidermidis  has  adapted  to  live  on  human  skin.  Al¬ 
though  it’s  quite  common,  it  usually  causes  no  health 
problems.  One  reason  that  S.  epidermidis  can  colo¬ 
nize  human  skin  so  effectively  is  that  it  has  the  ACME 
region,  the  mobile  element  of  DNA  made  of  34  genes. 
This  is  the  set  of  genes  that  includes  the  speG  gene. 

Thanks  to  its  genome,  S.  epidermidis  is  resistant  to 
methicillin  and  related  antibiotics.  However,  S.  epi¬ 
dermidis  rarely  infects  us,  so  the  fact  that  it  is  drug 
resistant  is  usually  not  a  problem.  But  what  seems 
to  have  happened  is  that  S.  epidermidis  bacteria 
were  living  in  close  contact  with  S.  aureus  bacte¬ 
ria  on  human  skin  and  at  some  point  S.  epidermi¬ 
dis  transfered  the  ACME  DNA,  including  the  speG 
gene,  to  S.  aureus.  This  might  have  made  it  possible 
for  S.  aureus  to  spread  more  easily  from  person  to 
person,  and  made  MRSA  infections  harder  to  fight. 


Co-Evolving  with 
Humans 

S.  epidermidis  and  S. 
aureus  are  just  two 
of  the  many  mi¬ 
croorganisms  that 
colonize  human 

skin.  In  addition  to 
thousands  of  types 
of  bacteria,  our  skin 
is  home  to  viruses, 
fungi,  mites  and 
other  microscopic 
organisms.  These 
microorganisms  are 
adapted  to  live  in  a 
variety  of  different 
environments  in  and 
on  our  bodies.  In  ad¬ 
dition,  the  micro¬ 
biome  varies  from 
person  to  person.  In 
other  words,  differ¬ 
ent  people  are  home 
to  different  sets  of 
microorganisms. 


Only  10%  of  you  is  actually 
you!  There  are  ten  times  more 
bacterial  cells  than  human  cells 
in  your  body  If  all  cells  were 
the  same  size, your  human  cells 
would  fit  in  your  foot  and  lower 
leg,  as  illustrated  here.  But  in 
fact,  bacteria  cells  are  much 
smallerthan  human  cells. 


Most  of  these  organisms  are  not  invaders.  They  have 
evolved  over  millions  of  years  to  live  with  human 
beings.  For  example,  most  bacteria  cannot  survive 
direct  sunlight,  but  many  of  the  bacteria  that  live  on 
us  have  pigments  that  protect  them  from  ultraviolet 
light.  At  the  same  time,  humans  have  evolved  to  live 
with  bacteria.  We  have  co-evoived  or  evolved  together 
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and  formed  complex  relationships. 

Scientists  are  still  trying  to  understand  what  roles  these  organ¬ 
isms  play,  if  any,  but  it  seems  that  most  are  benign  or  even  ben¬ 
eficial  to  us.  Scientists  call  these  commensal  bacteria  (if  they  are 
harmless)  or  mutualistic  (if  they  offer  a  benefit).  For  example, 
some  types  of  Staphylococcus  produce  fatty  acids  that  inhibit 
the  growth  of  fungi  and  yeast  on  our  skin. 

Sometimes  bacteria  that  are  harmless  or  even  beneficial  in  one 
place  can  become  harmful  in  another.  Proplonlbacterlum  acnes 
lives  on  the  skin  but  if  it  becomes  trapped  in  a  hair  follicle,  it 
causes  inflammation  and  acne.  S.  epldermldls  is  usually  harm¬ 
less  but  it  can  travel  into  the  body  on  catheters  and  other  medi¬ 
cal  equipment  and  cause  infection. 

Competition  in  the  Biome 

At  the  same  time,  all  of  these  microorganisms  within  the  micro¬ 
biome  are  competing  with  each  other,  just  as  organisms  do  in 
any  ecosystem,  and  bacteria  are  just  one  part  of  these  interac¬ 
tions.  For  example,  fungi  compete  with  bacteria  for  space  and 
resources.  Tiny  mites  that  live  in  our  pores  eat  the  fungi.  Some 
of  this  competition  is  beneficial  to  us  because  our  resident  mi¬ 
croorganisms  fight  off  potential  invaders. 

The  competition  between  fungi  and  bacteria  is  why  we  have 
antibiotic  medicines.  These  anti-bacterial  chemicals  were  not 
invented  by  human  beings  but  were  developed  by  fungi  as  they 
competed  with  bacteria  over  millions  of  years  of  evolution.  Sci¬ 
entists  discovered  these  chemicals  and  learned  howto  produce 
them.  But  now  we  may  be  overusing  these  chemical  weapons 
and  destroying  helpful  bacteria  along  with  the  harmful. 

Being  Human  Means  Having  a  Microbiome 

Although  hand  sanitizers  and  antibiotics  have  saved  millions  of 
lives,  their  overuse  can  wreak  havoc  on  our  microbiome. 

We  are  covered  in  bacteria  and  other  microorganisms  from  the 
time  we  are  born.  And  there  is  mounting  evidence  that  a  healthy 
microbiome  is  essential  for  a  strong  immune  system.  Some  sci- 


Human  bacterial  cloud 


How  do  scientists  study  the  human  micro¬ 
biome?  How  can  they  get  a  good  picture  of 
which  organisms  are  residents  of  our  bodies? 
One  way  is  to  create  a  sterile  environment 
or“clean  room,”  place  a  person  in  that  room, 
and  then  find  out  which  microorganisms 
have  been  brought  in  by  the  human  being. 


James  Meadows,  a  researcher  at  the  Uni¬ 
versity  of  Oregon,  helped  construct  a  "clean 
room” experiment.  Scientists  sealed  off 
a  room,  sterilized  it  as  much  as  possible, 
filtered  the  air  coming  in,  and  then  divided 
it  into  two  chambers.  One  chamber  was 
kept  empty  while  a  person  entered  the  other 
chamber  and  sat  down. 


The  scientists  found  that  after  repeating 
the  experiment  multiple  times,  they  could 
always  tell  which  chamber  the  person  had 
entered  by  measuring  the  bacteria  that  had 
come  off  his  or  her  body.  Not  only  could  they 
always  tell  which  chamber  had  been  occu¬ 
pied,  they  could  also  identify  different  people 
from  their  bacterial  "clouds.” 
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entists  think  that  preventing  infants  from  develop¬ 
ing  a  balanced  microbiome  through  lack  of  exposure 
to  microorganisms  might  lead  to  increased  allergies, 
asthma,  eczema  and  other  health  problems. 

Of  course,  we  have  to  find  ways  to  stop  dangerous  bac¬ 
teria  like  MRSA  and  other  infectious  organisms.  But  as 
scientists  like  James  Meadows  point  out,  we  have  to 


learn  to  do  this  in  a  selective,  balanced  way.  A  blanket 
approach  to  fighting  bacteria  creates  health  risks  we 
still  don’t  understand. 

So  rather  than  think  of  all  bacteria  as  dangerous  or 
harmful,  we  have  to  understand  that  they  have  always 
been  with  us  and  are  an  essential  part  of  our  microbi¬ 
ome,  which  is  an  essential  part  of  our  bodies. 


STOP  AND  THINK 

Based  on  the  text: 

•  Describe  how  the  scientists  at  the 
University  of  Oregon  study  the  human 
microbiome? 

•  What  are  the  benefits  of  having  a  diversity 
of  microorganisms  living  in  and  on  our 
bodies? 

Wrap-up: 

•  Consider  all  four  passages  and  the  science 
practices  listed  here.  By  giving  specific 
examples,  explain  how  the  scientists  in 
the  videos  and  reading  passages  apply 
each  of  the  practices. 


PRACTICES  FOR  K-12  SCIENCE 
CLASSROOMS  from  NCS5 

•  Asking  questions 

•  Developing  and  using  models 

•  Planning  and  carrying  out  investigations 

•  Analyzing  and  interpreting  data 

•  Using  mathematics  and  computational 
thinking 

•  Constructing  explanations 

•  Engaging  in  argument  from  evidence 

•  Obtaining,  evaluating,  and 
communicating  information 
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To  solve  the  mystery  of  the  origins  of  USA300,  researchers 
looked  to  the  microbiome  that  lives  on  human  skin.  They  knew 
that  within  this  vast,  microscopic  ecosystem  lives  a  network  of 
organisms  that  compete  with  each  other,  co-exist  with  each 
other  and  are  constantly  evolving.  If  USA300  acquired  the  speG 
gene,  it  was  most  likely  from  some  other  bacterium  or  organ¬ 
ism  that  is  part  of  this  ecosystem.  And  that  is  exactly  what  they 
found.  USA300  had  gotten  its  new  abilities  from  another  staph 
species.  Staphylococcus  epidermidis. 

The  Source:  S.  epidermidis 

Staph  epidermidis  is  a  type  of  Staphylococcus  that  is  closely  re¬ 
lated  to  Staphylococcus  aureus.  Like  S.  aureus,  S.  epidermidis  has 
adapted  to  live  on  human  skin.  Although  it’s  quite  common,  it 
usually  causes  no  health  problems.  One  reason  that  S.  epider¬ 
midis  can  colonize  human  skin  so  effectively  is  that  it  has  the 
ACME  region,  the  mobile  element  of  DNA  made  of  34  genes. This 
is  the  set  of  genes  that  includes  the  speG  gene. 

Thanks  to  its  genome,  S.  epidermidis  is  resistant  to  methicillin 
and  related  antibiotics.  However,  S.  epidermidis  rarely  infects  us, 
so  the  fact  that  it  is  drug  resistant  is  usually  not  a  problem.  But 
what  seems  to  have  happened  is  that  S.  epidermidis  bacteria 
were  living  in  close  contact  with  S.  aureus  bacteria  on  human 
skin  and  at  some  point  S.  epidermidis  transfered  the  ACME  DNA, 
including  the  speG  gene,  to  S.  aureus.  This  might  have  made 
it  possible  for  S.  aureus  to  spread  more  easily  from  person  to 
person,  and  made  MRSA  infections  harder  to  fight. 

Co-Evolving  with  Humans 

S.  epidermidis  and  S.  aureus  are  just  two  of  the  many  microor¬ 
ganisms  that  colonize  human  skin.  In  addition  to  thousands 
of  types  of  bacteria,  our  skin  is  home  to  viruses,  fungi,  mites 
and  other  microscopic  organisms.  These  microorganisms  are 
adapted  to  live  in  a  variety  of  different  environments  in  and  on 


ONLY 


10% 


OF  YOU 


IS  ACTUALLY  YOU! 


There  are  ten  times  more  bacterial  cells  than  human 
cells  in  your  body.  Bacteria  cells  are  much  smaller 
than  human  cells,  but  if  all  cells  were  the  same  size, 
your  human  cells  would  fit  in  yourfoot  and  lower  leg, 
as  illustrated  here. 
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our  bodies.  In  addition,  the  microbiome  varies  from  person  to 
person.  In  other  words,  different  people  are  home  to  different 
sets  of  microorganisms. 

Most  of  these  organisms  are  not  invaders.  They  have  evolved 
over  millions  of  years  to  live  with  human  beings.  For  example, 
most  bacteria  cannot  survive  direct  sunlight,  but  many  of  the 
bacteria  that  live  on  us  have  pigments  that  protect  them  from 
ultraviolet  light.  At  the  same  time,  humans  have  evolved  to 
live  with  bacteria.  We  have  co-evolved  or  evolved  together  and 
formed  complex  relationships. 

Scientists  are  still  trying  to  understand  what  roles  these  organ¬ 
isms  play,  if  any,  but  it  seems  that  most  are  benign  or  even  ben¬ 
eficial  to  us.  Scientists  call  these  commensal  bacteria  (if  they  are 
harmless)  or  mutualistic  (if  they  offer  a  benefit).  For  example, 
some  types  of  Staphylococcus  produce  fatty  acids  that  inhibit 
the  growth  of  fungi  and  yeast  on  our  skin. 

Sometimes  bacteria  that  are  harmless  or  even  beneficial  in  one 
place  can  become  harmful  in  another.  Proplonlbacterlum  acnes 
lives  on  the  skin  but  if  it  becomes  trapped  in  a  hair  follicle,  it 
causes  inflammation  and  acne.  S.  epldermldls  is  usually  harm¬ 
less  but  it  can  travel  into  the  body  on  catheters  and  other  medi¬ 
cal  equipment  and  cause  infection. 

Competition  in  the  Biome 

At  the  same  time,  all  of  these  microorganisms  within  the  micro¬ 
biome  are  competing  with  each  other,  just  as  organisms  do  in 
any  ecosystem,  and  bacteria  are  just  one  part  of  these  interac¬ 
tions.  For  example,  fungi  compete  with  bacteria  for  space  and 
resources.  Tiny  mites  that  live  in  our  pores  eat  the  fungi.  Some 
of  this  competition  is  beneficial  to  us  because  our  resident  mi¬ 
croorganisms  fight  off  potential  invaders. 

The  competition  between  fungi  and  bacteria  is  why  we  have 
antibiotic  medicines.  These  anti-bacterial  chemicals  were  not 
invented  by  human  beings  but  were  developed  by  fungi  as  they 
competed  with  bacteria  over  millions  of  years  of  evolution.  Sci¬ 
entists  discovered  these  chemicals  and  learned  howto  produce 


HUMAN  BACTERIAL  CLOUD 


How  do  scientists  study  the  human  micro¬ 
biome?  How  can  they  get  a  good  picture  of 
which  organisms  are  residents  of  our  bodies? 
One  way  is  to  create  a  steriie  environment 
or"ciean  room,”  piace  a  person  in  that  room, 
and  then  find  out  which  microorganisms 
have  been  brought  in  by  the  human  being. 


James  Meadows,  a  researcher  at  the  Uni¬ 
versity  of  Oregon,  heiped  construct  a  "clean 
room” experiment.  Scientists  sealed  off 
a  room,  sterilized  it  as  much  as  possible, 
filtered  the  air  coming  in,  and  then  divided 
it  into  two  chambers.  One  chamber  was 
kept  empty  while  a  person  entered  the  other 
chamber  and  sat  down. 


The  scientists  found  that  after  repeating 
the  experiment  multiple  times,  they  could 
always  tell  which  chamber  the  person  had 
entered  by  measuring  the  bacteria  that  had 
come  off  his  or  her  body.  Not  only  could  they 
always  tell  which  chamber  had  been  occu¬ 
pied,  they  could  also  identify  different  people 
from  their  bacterial  "clouds.” 


amnh.org/education/mrsa 


©  2013  American  Museum  of  Natural  History.  All  Rights  Reserved.  P3ge  2 


36 


©  American  Museum  S  Natural  History  Bacteria  Evolving:  student  version 

Tracing  the  Origins  of  a  MRSA  Epidemic 


CONTINUED 

The  Human  Microbiome 


them.  But  now  we  may  be  overusing  these  chemical  weapons 
and  destroying  helpful  bacteria  along  with  the  harmful. 

Being  Human  Means  Having  a  Microbiome 

Although  hand  sanitizers  and  antibiotics  have  saved  millions  of 
lives,  their  overuse  can  wreak  havoc  on  our  microbiome. 

We  are  covered  in  bacteria  and  other  microorganisms  from  the 
time  we  are  born.  And  there  is  mounting  evidence  that  a  healthy 
microbiome  is  essential  for  a  strong  immune  system.  Some  sci¬ 
entists  think  that  preventing  infants  from  developing  a  bal¬ 
anced  microbiome  through  lack  of  exposure  to  microorganisms 
might  lead  to  increased  allergies,  asthma,  eczema  and  other 
health  problems. 

Of  course,  we  have  to  find  ways  to  stop  dangerous  bacteria 
like  MRSA  and  other  infectious  organisms.  But  as  scientists  like 
James  Meadows  point  out,  we  have  to  learn  to  do  this  in  a  selec¬ 
tive,  balanced  way.  A  blanket  approach  to  fighting  bacteria  cre¬ 
ates  health  risks  we  still  don’t  understand. 

So  rather  than  think  of  all  bacteria  as  dangerous  or  harmful,  we 
have  to  understand  that  they  have  always  been  with  us  and  are 
an  essential  part  of  our  microbiome,  which  is  an  essential  part 
of  our  bodies. 


STOP  AND  THINK 

Based  on  the  text: 

•  Describe  how  the  scientists  at 
the  University  of  Oregon  study 
the  human  microbiome? 

•  What  are  the  benefits  of  having 
a  diversity  of  microorganisms 
living  in  and  on  our  bodies? 

Wrap-up: 

•  Consider  all  four  passages 
and  the  science  practices 
listed  below.  By  giving  specific 
examples,  explain  how  the 
scientists  in  the  videos  and 
reading  passages  apply  each  of 
the  practices. 

•  Asking  questions 

•  Deveioping  and  using  modeis 

•  Pianning  and  carrying  out 
investigations 

•  Anaiyzing  and  interpreting  data 

•  Using  mathematics  and 
computationai  thinking 

•  Constructing  expianations 

•  Engaging  in  argument  from 
evidence 

•  Obtaining,  evaiuating,  and 
communicating  information 
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